Results
gated channel function was assayed by stimulating neurons with the adenylyl cyclase activator forskolin. Of 14 KCl responsive neurons, 13 responded to forskolin in Targeted Mutagenesis of the OCNC1 Gene We have independently generated a targeted mutation a dose-dependent manner. By contrast, of four viable neurons from OCNC1Ϫ mice and four viable neurons in the OCNC1 gene, which is located on the X chromosome. We created a deletion that removes the coding from OCNC1Ϫ, OMP-GFP heterozygous mice, none responded to forskolin. The proportions of forskolinsequence corresponding to amino acids 178-678 (Figure 1A) and generated OCNC1Ϫ mice. responsive cells differed significantly between OCNC1ϩ and OCNC1Ϫ mice (Fisher's exact test, p Ͻ 0.01). Odorant reception in OSNs results in production of cAMP by adenylyl cyclase in olfactory cilia and a subse-OCNC1Ϫ OSNs also exhibited a much slower recovery time of the KCl-induced calcium transient. The reason quent increase in the dendritic and somatic calcium concentration through cyclic nucleotide-gated chanfor this increase is unclear but suggests a change in normal calcium dynamics in OCNC1Ϫ OSNs.
nels (Leinders-Zufall et al., 1997). This calcium influx is critical in odorant transduction by activating a depolariz-
These results indicate that our targeted mutation in the OCNC1 gene interrupts the cAMP-mediated olfacing chloride conductance. Blockade of cyclic nucleotide-gated channels abolishes odorant-induced caltory transduction pathway. cium responses in dissociated OSNs (reviewed in Schild and Restrepo, 1998) . Therefore, to confirm that our tar-
Axons of M72-Expressing OSNs Do Not Converge
Normally in OCNC1Ϫ Mice geted OCNC1 mutation abolishes cyclic nucleotidegated channel function, we performed calcium imaging
The M72 OR gene is located on mouse chromosome 9 and is expressed in OSNs of zone 4 (data not shown). experiments on individual OSNs loaded with the calcium-sensitive dye fura-2 ( Figure 1B) .
We generated a targeted M72-IRES-taulacZ mutation (M72-lacZ) (Figure 2A ), according to the same design As a positive control, we tested OCNC1ϩ OSNs isolated from OMP-GFP heterozygous mice, in which all as the P2-lacZ mutation (Mombaerts et al., 1996a). In M72-lacZ heterozygous or homozygous mutant mice, mature OSNs express the fluorescent marker GFP (C. Z. et al., unpublished data). GFP expression was used to labeled axons typically project to either of a pair of glomeruli residing in the dorsal aspect of the olfactory facilitate the identification of mature OSNs with intact olfactory cilia. Cell viability was first assessed by depobulb ( Figure 2B ). The positions of the labeled glomeruli are bilaterally symmetric, between the left and right larizing OSNs with KCl, a treatment that results in calcium influx through voltage-gated calcium channels in bulbs and also between the medial and lateral hemispheres of each bulb. Occasionally, additional labeled the cell soma (Schild et al., 1994) . Cyclic nucleotide- Tables 1 and 2 ). By whole-mount analysis (Table 1) and  in serial sections (Table 2) Figure 7B ); most dramatically in the visual system by differential in ‫%02ف‬ of cases, they occupy distinct compartments lesions, for instance by experimentally causing competiof the same glomerulus ( Figure 7C ). Thus, the tricistronic tion between populations of neurons that can or cannot mutation does not alter the axonal projections in a major be driven by visual stimuli. In the monocular deprivation way. paradigm, blinding one eye of an animal during the critiTo establish the monoallelic deprivation paradigm, cal period results in a pronounced disruption of the we crossed these compound heterozygotes onto the ocular dominance columns in the primary visual cortex OCNC1Ϫ background. Because the OCNC1 gene is lo- (Wiesel, 1982) . cated on the X chromosome, we could generate triple We have crafted a suitably altered genetic paradigm mutant male mice in a single breeding step ( Figure 6B ): seeking to achieve in vivo competition between OSNs M72-GFP-CH heterozygous, M72-lacZ heterozygous, expressing the same OR gene. We term this paradigm and OCNC1 hemizygous. The green-fluorescent and "monoallelic deprivation." We engineered the mouse gered-fluorescent fibers segregate invariably (n ϭ 16 nome such that two populations of M72-expressing bulbs; Table 3 ) into distinct glomeruli, with no interminOSNs coexist, with normal or no OCNC1 function. To gling ( Figures 7F and 7G ). In another control, such segrecreate this competitive situation, we first exploited the gation is not seen in OCNC1Ϫ, M72-lacZ/M72-IRESphenomenon of monoallelic expression in OR genes: in tauGFP compound heterozygotes (data not shown). a given OSN, an OR gene is expressed either from the
We developed a refinement of the design by also expaternal or maternal allele (Chess et al., 1994). We conploiting the phenomenon of X chromosome inactivation. firmed that the M72 OR gene is also subject to monoalWe can expect OCNC1ϩ and OCNC1Ϫ populations to lelic expression (data not shown).
coexist mosaically in heterozygous females. Therefore, Extending our bicistronic strategy to a tricistronic dewe extended our analysis to triple mutant females: M72-sign, we generated mice with a targeted M72-IRES-GFP-CH heterozygous, M72-lacZ heterozygous, and tauGFP-IRES-OCNC1 mutation (abbreviated M72-GFP-CH) ( Figure 6A ). The double-IRES cassette was shown OCNC1 heterozygous. Because monoallelic expression of M72 and X chromosome inactivation are most likely A Genetic Approach to Connectivity independent processes, there are now three populain the Olfactory System tions of M72-expressing OSNs present in these females:
The olfactory system has not been scrutinized for the green-fluorescent/OCNC1ϩ, red-fluorescent/OCNC1ϩ, differential contributions of activity-dependent and acand red-fluorescent/OCNC1Ϫ. We predict that the tivity-independent mechanisms to the same extent as OCNC1ϩ glomeruli receive input from both greenthe visual system. A main obstacle has been the lack fluorescent and red-fluorescent axons and that the of specialized tools. Unlike in the visual, auditory, and OCNC1Ϫ glomeruli are exclusively innervated by redsomatosensory systems, the arrangement of the periphfluorescent axons. This is indeed the case (n ϭ 10 bulbs, eral olfactory projections does not maintain strict neigh- Table 3 ): there are no glomeruli that are exclusively green bor relationships between source and target. Instead, fluorescent ( Figures 7D and 7E) . The average number cell bodies of OSNs that are widely dispersed throughof labeled glomeruli in the OCNC1Ϫ/0 and OCNC1ϩ/Ϫ out a zone in the olfactory epithelium are connected in mice is 4.2 within the monoallelic deprivation paradigm a convergent manner to specific sites (glomeruli) in the (Table 3) : this is comparable to the number seen in olfactory bulb. The spatial coordinates of OSNs within OCNC1Ϫ mice (Tables 1 and 2) . the sensory sheet do not correlate with their physiologiThus, M72-expressing OSNs project their axons in a cal properties, perhaps reflecting the fact that the feamutually exclusive manner to separate glomeruli, detures of odorant stimuli are not inherently spatial. Surgipending on whether they are OCNC1ϩ or OCNC1Ϫ.
cal lesions aimed at removing particular functional classes of OSNs are therefore difficult.
Discussion
We believe that a fruitful approach to this issue is to utilize targeted mutagenesis in the mouse. The genetic This study joins the list of morphological phenotypes strategy that we have developed enables us to visualize reported in two other strains of OCNC1Ϫ mice (Brunet specifically one of the ‫0001ف‬ populations of OSNs in et al., 1996; Baker et al., 1999). each mouse strain. These mice can be crossed with other mutant mice to identify the genes and mechanisms that underly axonal convergence to glomeruli.
The OCNC1 Targeted Mutation Affects Axonal Projections Differentially
The pertubations caused by blocking stimulus-evoked neural activity a priori can also be expected to result in qualitatively different effects in the olfactory system. Such manipulations may produce alterations in the number, size, shape, and positions of glomeruli. A dramatic number of glomeruli to which their axons converge is
The cDNA from a cell-sorted pool of OSNs was used as a positive control. The image was composed from different gels.
increased by a factor of two to three. In addition to a We note that the minor, ectopic glomeruli may only transduction, the role of which remains unresolved (Gold, 1999). be detectable by techniques that afford single-cell resolution such as our genetic design. In situ hybridization
Our findings indicate that more caution is needed when extrapolating conclusions from a limited charactechniques, which led to the initial discovery of glomerular convergence (Ressler et al., 1994; Vassar et al., 1994) , terization of the vertebrate olfactory system. Its numerical complexity explains why initial studies have focused may provide insufficient resolution and underestimate these morphological aberrations. On the other hand, a on a small number of ORs for logistical reasons. But there is no reason to assume that any one of these caveat of our studies is that we have not compared the glomeruli innervated by axons from OSNs expressing randomly chosen ORs is prototypical for the entire family. This assumption was made in two recent studies the wild-type M72 OR gene versus the targeted M72-IRES-taulacZ allele using an in situ hybridization techthat, based on the analysis of the axonal projections of OSNs expressing P2, question a major involvement of nique.
Our genetic approach has revealed previously that activity-dependent processes in shaping the olfactory sensory projection. one determinant of glomerular convergence is the OR itself. Replacement of the P2 coding region with that of In the first study, P2-lacZ mutant mice were crossed with mice carrying a knockout mutation in the G olf gene any of several ORs results in convergence of axons to distinct glomeruli, indicating that the OR is intimately (Belluscio et al., 1998) . The G olf subunit is a critical component of olfactory transduction (Jones and Reed, involved in axon guidance (Mombaerts et al., 1996a; Wang et al., 1998). It will be interesting to determine if 1989). The P2 glomeruli were reported to form normally in G olf mutant mice. However, significant odorant-evoked the redirection of these axons is affected by the absence of OCNC1 function, depending on the choice of the OR electrical activity is present in OSNs of newborn G olfdeficient mice, presumably because G s␣ is compensatsubstituting for the P2 coding region.
ing; this is relevant because P2 glomeruli form in the early postnatal period. In the second study, the P2 gloHeterogeneity in the Olfactory System The olfactory system is frequently thought of as commeruli also form normally in Tbr-1 mutant mice lacking bulbar projection neurons and in Dlx-1/Dlx-2 mutant posed of ‫0001ف‬ equivalent populations of OSNs, each expressing a different OR. The genetic experimentation mice lacking bulbar interneurons (Bulfone et al., 1998). Thus, neither cell type is essential for P2 glomerular has thus far been restricted to a single, randomly chosen OR gene, P2, yet the development of the peripheral convergence, although these neurons are synaptic partners of OSN axons within glomeruli. olfactory projections has often been reduced to the de- that are the subject of this study, it will be possible to defects observed in Caenorhabditis elegans mutant for determine whether calcium responses or any electrical tax-2 or tax-4, which are homologs of cyclic nucleotideactivity can be detected in single OCNC1Ϫ OSNs that gated channel subunits (Coburn and Bargmann, 1996; express these ORs. Additionally, it will be important to Komatsu et al., 1996). A tax-2::GFP fusion protein is confirm that such responses can be recorded in immaexpressed in some olfactory sensory axons, and tax-2 ture OSNs at a time when glomeruli are being formed; deficiency results in more extensive axons, suggesting these data are important to distinguish between a role that this channel inhibits or limits axon outgrowth in of OCNC1 in the establishment versus the maintenance regions that are not appropriate. Another example of of the olfactory sensory projection. the involvement of the cAMP pathway in axon guidance is that cytosolic levels of cAMP determine the turning
Monocular and Monoallelic Deprivation behavior of growth cones of embryonic Xenopus laevis
During development of sensory systems, the most draspinal neurons to netrin-1 (Ming et al., 1997) . matic effects are seen when the activity of one neuronal population is favored over another one. Shutting one eye during the critical period induces major distortions Developmental Consequences of OCNC1 Deficiency Our developmental studies of M72 glomeruli indicate in the architecture of the primary visual cortex (Wiesel, 1982) . Conceptually equivalent to the monocular deprithat axons of M72-expressing OSNs initially occupy a proportionally large surface area of the bulb. A single vation experiments is the paradigm of monoallelic deprivation that we describe here. It is based on two special protoglomerulus emerges suddenly and reproducibly on postnatal day 3 (C. Z. et al., unpublished data). Absence mechanisms of gene regulation: monoallelic expression of OR genes and monoallelic expression of X-linked of OCNC1 function may interfere with the coalescence of the axonal terminations into a single glomerulus. Ingenes due to X chromosome inactivation. In these competitive situations, the axonal input segregates into disstead, additional, smaller glomeruli may form within the broad territory occupied initially by the axons. Our pretinct glomeruli within an individual, with no intermingling of axons. This result indicates that the effects of OCNC1 diction is that in the monoallelic deprivation paradigm, the differentially labeled axonal populations in the triple are cell autonomous. The prediction that glomerular activity is differentially affected in the segregated glomeruli mutant mice would intermingle diffusely within this territory at early stages. The precise timing of the formation can be tested, once odorous ligands for M72 are identified, by intrinsic signal imaging in the bulb (Rubin and of OR-specific glomeruli in the perinatal period may explain the differential impact of the OCNC1 mutation. Katz, 1999 ). An advantage of this experimental design is that in Importantly, OCNC1Ϫ axons converge mostly to glomeruli instead of projecting diffusely, and these glomerthe triple mutant male mice, OCNC1Ϫ OSNs that express M72 only face competition from OCNC1ϩ OSNs uli are located approximately in the appropriate area. Thus, glomerulization per se and axonal pathfinding to a that express M72; OSNs that express other ORs are also Tissues were fixed in 2% formaldehyde, 13.5 mg/ml lysine, 2.1 mg/ ml Na-periodate, and 0.1 M phosphate buffer (pH 7.4) on ice for 3 at 1 mM. hr and then frozen in OCT. Sections (10 m) were cut on a cryostat.
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